Phylogenetic relationships within the iguanid lizard genus Liolaemus are investigated using 1710 aligned base positions (785 phylogenetically informative) of mitochondrial DNA sequences, representing coding regions for eight tRNAs, ND2, and portions of ND1 and COI. Sixty new sequences ranging in length from 1736 to 1754 bases are compared with four previously reported sequences. Liolaemus species form two well-supported monophyletic groups of subgeneric status, Liolaemus and Eulaemus. These subgenera appear to have separated at least 12.6 million years ago based on the amount of molecular evolutionary divergence between them. Hypotheses that species occurring in the Andes, west of the Andes, and east of the Andes, each comprise distinct monophyletic groups are independently rejected statistically. The shortest estimate of phylogeny suggests that Liolaemus originated either in the Andes or the eastern lowlands. Numerous evolutionary shifts have occurred between the Andes, and the eastern and western lowlands, suggesting recurring vicariance and dispersal. Species occurring at high elevations or high latitudes usually have viviparous reproduction. Depending on whether parity mode is considered reversible in Liolaemus, the most parsimonious reconstruction supports at least six independent origins of viviparity or at least three gains followed by three losses of viviparity among the 60 Liolaemus lineages examined.
INTRODUCTION
The iguanid lizard genus Liolaemus contains over 160 species distributed in the Andes and adjacent lowlands of South America from Peru to Tierra del Fuego (Cei, 1986 (Cei, , 1993 Donoso-Barros, 1966; Etheridge, 1995) . This genus has one of the largest latitudinal, elevational, and climatic distributions among lizards world-wide, with species found from sea level to over 5000 m (Cei, 1986 (Cei, , 1993 Donoso-Barros, 1966) .
Physiographic factors divide the distribution of Liolaemus into three major regions: (1) Andean highlands, (2) lowlands east of the Andes, and (3) lowlands west of the Andes. We test the hypothesis that the uplift of the Andes divided the ancestral Liolaemus into monophyletic groups corresponding to one or more of the three physiographic regions (Fig. 1) . Alternatively, continual uplifting of the Andes over the last 25 million years (Norabuena et al., 1998) may have caused recurring episodes of vicariance superimposed on periodic dispersal events between the Andes, and the eastern and western lowlands. The latter hypothesis predicts that none of the three regions should comprise monophyletic groupings of Liolaemus species. The highest elevation of the Andean mountain chain currently extends up to 7000 m and presents a formidable barrier to dispersal for Liolaemus; however, numerous potential dispersal corridors occur under 5000 m.
Because approximately half of the Liolaemus species are live-bearing, the phylogenetic pattern of reproductive mode presents an interesting issue for investigation. Viviparity, the retention within the uterus of a developing neonate until development is complete, appears to have evolved frequently among squamate reptiles in cool environments at high latitudes and elevations (Guillette, 1993; Shine, 1985; Shine & Bull, 1979; Tinkle & Gibbons, 1977) . Recent molecular phylogenetic work on iguanid lizards of the Sceloporus scalaris complex has demonstrated that viviparity evolved twice within that species group and possibly reversed to oviparous reproduction once (Benabib, Kjer & Sites, 1997; Creer et al., 1997; Mink & Sites, 1996) . An evolutionary analysis of reproductive modes within Liolaemus may reveal whether viviparity has evolved multiple times and potentially could reverse (Lee & Shine, 1998) . (Table 1 ). If Liolaemus populations in these three regions formed a genetically homogeneous entity prior to the Andean uplift, and populations in one or more regions remained isolated following the initial uplifting, one to three major clades of Liolaemus corresponding to any or all of the geographic regions may result.
If phylogenetic structure was present in Liolaemus prior to the Andean uplift, or if episodes of vicariance and dispersal between these three regions followed the initial uplift, one or more of the three major areas would contain a phylogenetically heterogeneous grouping of species.
A well supported estimate of phylogeny is used to test these hypotheses of historical biogeography and evolution of viviparity. Samples of approximately one-third of the recognized Liolaemus species, including representatives occurring in all physiographic provinces and exhibiting both reproductive modes, are examined. These species represent the major groups from the most recent taxonomy of Liolaemus (Etheridge, 1995;  Table 1 ). Sixty new mitochondrial DNA sequences are reported for the same region sequenced for a broad sampling of iguanid lizard taxa by Macey et al. (1997b) . This sequence extends from the end of the gene encoding ND1 (NADH dehydrogenase 1) to the beginning of the gene encoding COI (cytochrome c oxidase I) and includes all of the ND2 gene, eight tRNA genes, and the origin for lightstrand replication (O L ). This same region of DNA sequenced for Liolaemus pictus is included in this analysis.
Outgroups are based on the phylogenetic hypothesis of Schulte et al. (1998) . In T 1. Taxa included in this study, by region of largest distribution, range in elevation (meters above sea level), and parity mode (O=oviparous, and V=viviparous) primarily based on museum specimens, Cei (1986 ), and Donoso-Barros (1966 . Key references for parity mode are given to the right. Andean taxa occur above 2500 meters, whereas eastern and western taxa occur exclusively from sea level to 2500 meters on either side of the Andes. Museum catalogue numbers and localities are given in Appendix 1. Subgeneric designations are after Laurent (1984) and correspond to the phylogenetic results of this study. Species sections and series for the subgenus Eulaemus are largely after Etheridge (1995) , and are amended to correspond with results of this study. Taxa denoted with a cross are members of the L. wiegmannii group of Etheridge (1995) Cei (1993) their study of the major clades within the Iguanidae (sensu Macey et al., 1997b) , Phymaturus is well supported as the sister taxon and closest outgroup to Liolaemus. Phymaturus palluma is examined to compare with the previously published sequence of P. somuncurensis . This same outgroup structure has been supported by morphological data (Etheridge & de Queiroz, 1988) . Monophyly of the subfamily Tropidurinae * (sensu Macey et al., 1997b) , of which Liolaemus and Phymaturus are members, is statistically neither supported nor rejected ; therefore, representative species from two other major iguanid clades are used. The previously published sequences of the Old World species, Oplurus cuvieri, and the New World species, Phrynosoma douglassii, are used as outgroups to represent a broad phylogenetic sampling of the Iguanidae.
METHODS

Specimen information
See Appendix 1 for museum numbers, localities of voucher specimens from which DNA was extracted, and GenBank accession numbers for DNA sequences. The sequence for Phymaturus somuncurensis (GenBank accession number AF049865, Schulte et al., 1998) originally had position 35 (Human position 4214, Anderson et al., 1981) in the ND1 gene as a T; however, the correct nucleotide is a G. The GenBank file has been updated.
Laboratory protocols
Genomic DNA was extracted from liver or muscle using the Qiagen QIAamp tissue kit. Amplification of genomic DNA was conducted using a denaturation at 94°C for 35 sec, annealing at 50°C for 35 sec, and extension at 70°C for 150 sec with 4 sec added to the extension per cycle, for 30 cycles. Negative controls were run on all amplifications to check for contamination. Amplified products were purified on 2.5% Nusieve GTG agarose gels and reamplified under the conditions described above. Reamplified double-stranded products were purified on 2.5% acrylamide gels (Maniatis, Fritsch & Sambrook, 1982) . Template DNA was eluted from acrylamide passively over three days with Maniatis elution buffer (Maniatis et al., 1982) . Cycle-sequencing reactions were run using the Promega fmol DNA sequencing system with a denaturation at 95°C for 35 sec, annealing at 45-60°C for 35 sec, and extension at 70°C for 1 min for 30 cycles. Sequencing reactions were run on Long Ranger sequencing gels for 5-12 hours at 38-40°C.
Two primer pairs were used to amplify genomic DNA from the ND1 gene to the COI gene: L3878 and H4980, and L4437 and H5934. Both strands were sequenced using L3878, L4221, H4419b, L4437, L4645, L4882a, L4882b, H5617b, L5638b, H5692, and H5934. DNA from L. multimaculatus was amplified also using the primer pairs L4437 and H5692, and L4882b and H5934, to yield smaller fragments of DNA. All primers are from Macey et al. (1997a) except L3878, which is from Macey et al. (1998b) , and L4882b, which is from Schulte et al. (1998) . Primer numbers refer to the 3′ end on the human mitochondrial genome , where L and H denote extension of light and heavy strands, respectively.
Phylogenetic analysis
DNA sequences were aligned manually. Positions encoding part of ND1, all of ND2, and part of COI were translated to amino acids using MacClade (Maddison & Maddison, 1992) for confirmation of alignment. Alignments of sequences encoding tRNAs were constructed manually based on secondary structural models (Kumazawa & Nishida, 1993; Macey & Verma, 1997) . Secondary structures of tRNAs were inferred from primary structures of the corresponding tRNA genes using these models. Unalignable regions were excluded from phylogenetic analyses (see Results).
Phylogenetic trees were estimated using PAUP * beta version 4.0b1 (Swofford, 1998) with 100 heuristic searches featuring random addition of sequences. Bootstrap resampling (Felsenstein, 1985a ) was applied to assess support for individual nodes using 500 bootstrap replicates with 10 random additions per replicate.
Decay indices (='branch support' of Bremer, 1994) were calculated for all internal branches of the tree using two methods. First, 100 heuristic searches (with random addition of sequences), which retained suboptimal trees one to five steps longer than the overall shortest trees, were conducted to obtain decay indices of one to five. Nodes that remained uncollapsed in the preceding analysis had decay indices above five. For each of these nodes, a phylogenetic topology containing the single node in question was constructed using MacClade (Maddison & Maddison, 1992) and analysed as a constraint in PAUP * beta version 4.0b1 (Swofford, 1998) with 100 heuristic searches featuring random addition of sequences. In these searches, trees that did not contain the imposed constraint were retained. We then obtained the decay index by tabulating the minimum increase in number of steps resulting from removal of the node of interest from the shortest tree.
Wilcoxon signed-ranks tests (Felsenstein, 1985b; Templeton, 1983) were used to examine statistical significance of the shortest tree relative to alternative hypotheses. This test determines whether the most parsimonious tree is significantly shorter than an alternative tree or whether their differences in length are statistically indistinguishable (Larson, 1998) . Wilcoxon signed-ranks tests were conducted as two-tailed tests (Felsenstein, 1985b) . Tests were conducted using PAUP * beta version 4.0b1 (Swofford, 1998) which incorporates a correction for tied ranks.
Alternative phylogenetic hypotheses were tested using the most parsimonious phylogenetic topologies compatible with them. To find the most parsimonious tree(s) compatible with a particular phylogenetic hypothesis, phylogenetic topologies were constructed using MacClade (Maddison & Maddison, 1992) and analysed as constraints using PAUP * beta version 4.0b1 (Swofford, 1998) with 100 heuristic searches with random addition of sequences.
The evolution of viviparity among Liolaemus species was reconstructed using MacClade (Maddison & Maddison, 1992 ) on a strict consensus of the trees that are equally most parsimonious overall. One outgroup species, Phyrynosoma douglassii, is viviparous. However, most species within the Phrynosomatinae (sensu Macey et al., 1997b) , excluding some nested species of Phrynosoma and Sceloporus, are oviparous (Méndez-de la Cruz, Villagrán-Santa Cruz & Andrews, 1998; Montanucci, 1987; Reeder & Wiens, 1996; Schulte et al., 1998; Sites et al., 1992) . Therefore, we treated the ancestral condition of the Phrynosoma outgroup as oviparous. Occurrence in cold environments (defined as latitudes exceeding 40 degrees south and/or elevations above 2500 m) was partitioned on the tree in a similar manner. Forty degrees south latitude corresponds to the division between Patagonia, and Pampas and Grand Chaco east of the Andes (Markgraf, 1993) . West of the Andes, regions south of 40 degrees south latitude are dominated by steep mountains, and mixed coniferous and broadleaf forest (Markgraf, 1993) .
Data on latitudinal and elevational distributions for the 60 Liolaemus taxa (Table  1) were assembled from a combination of sources including (1) primary and secondary literature [with about one third of the data from Cei (1986 Cei ( , 1993 , Veloso and Navarro (1988) , and Nuñez, (1992)], (2) records of catalogued museum specimens, and (3) unpublished field notes (R.E.E.). Data for reproductive modes primarily came from Cei (1986 Cei ( , 1993 , Donoso-Barros (1966) , and Ramírez Pinilla (1991a, b) , and through examination of catalogued museum specimens (R.E.E.).
RESULTS
Authentic mitochondrial DNA
Several observations support our conclusion that the DNA sequences analyzed here are from the mitochondrial genome and do not represent nuclear integrated copies of mitochondrial genes (see Zhang & Hewitt, 1996) . All sequences reported here show strong strand bias against guanine on the light strand (G=11.8-13.0%, T=23.3-27.0%, A=33.2-36.1%, and C=25.1-30.3%), which is characteristic of the mitochondrial genome but not the nuclear genome (Macey et al., 1997a) . Similar strand bias has been reported for other squamate lizards from this region of the mitochondrial genome (Macey et al., 1997a (Macey et al., , b, 1998a (Macey et al., ,1999 Schulte et al., 1998) . All genes sequenced appear functional; transfer RNA genes encode tRNAs that form stable secondary structures and protein-coding genes have no premature stop codons. Therefore, we interpret these sequences as authentic mitochondrial DNA. Three taxa have genes that appear to encode tRNAs with shifted T-stems in the tRNA Tyr gene. Liolaemus dorbignyi has tRNA position 65 (Kumazawa & Nishida, 1993) deleted (gap placed at alignment position 1681), and the L. darwinii population from Mendoza and L. olongasta have tRNA position 49 deleted (gap placed at alignment position 1697). Sequences from these taxa are aligned to the secondary structure observed in all other taxa for the T-stem of the tRNA Tyr gene.
Assessment of homology and sequence alignment
In the phylogenetic analysis, 64 of the 1774 aligned positions are found to have an ambiguous alignment. Excluded regions comprise less than 4% of the aligned sequence positions.
Genic variation
The 60 new mitochondrial DNA sequences range in size from 1736 to 1754 bases. These sequences are aligned with DNA sequences of the outgroups, Oplurus cuvieri and Phrynosoma douglassii, as well as the sequences from Liolaemus pictus and Phymaturus somuncurensis as 1774 positions (Appendix 2). All newly reported Liolaemus and Phymaturus sequences have a mitochondrial gene order of ND1, tRNA Ile , tRNA Gln , tRNA Met , ND2, tRNA Trp , tRNA Ala , tRNA Asn , O L (origin for light-strand replication), tRNA Cys , tRNA Tyr , and COI. This gene order is typical for vertebrates and helps confirm that iguanids do not contain a derived gene order in this region, in contrast to acrodont lizards (Macey et al., 1997a (Macey et al., , b, 1998a . These aligned sequences contain 785 phylogenetically informative characters (parsimony criterion).
Different levels of variation are observed among the three protein-coding genes b Noncoding region one is between the ND1 and tRNA Ile genes and contains two variable positions. Noncoding region two is between the tRNA Ala and tRNA Asn genes and contains one informative position. Noncoding region three is between the tRNA Tyr and COI genes and contains one informative position. and eight tRNA genes included in the analysis ( Table 2) . All eleven genes sequenced provide phylogenetically informative characters. Approximately 80% of the variation and phylogenetically informative sites are from protein-coding regions. First and second positions of codons provide 45% of the informative characters from proteincoding genes, and stem regions of tRNA genes provide over 60% of the phylogenetically informative characters from tRNA genes. The eight tRNA genes each provide between seven and 28 (mean 17) phylogenetically informative characters.
In each of the three protein-coding genes, phylogenetically informative sites are found in first, second, and third positions of codons. In all eight tRNA genes, phylogenetically informative sites are found in both stem and unpaired regions. Therefore, no single region dominates the phylogenetic analyses.
Phylogenetic analyses
Analyses of the DNA sequence data produce 60 equally most parsimonious trees, each with a length of 5858 steps (Figs 2, 3, and 4 ). Relative to Oplurus and Phrynosoma, monophyletic grouping of the tropidurine * (sensu Macey et al., 1997b) Monophyly of Phymaturus also is well supported (100% bootstrap, decay index 29) as is the monophyly of Liolaemus (100% bootstrap, decay index 42). Within Liolaemus, two major clades are found: one containing taxa from all three regions (Andes, eastern lowlands, and western lowlands; clade 1, subgenus Liolaemus; Fig. 2) , and the other composed of Andean and eastern lowland taxa (clade 2, subgenus Eulaemus; Fig. 2 ). Both clades receive good support in the phylogenetic analysis (91% bootstrap, decay index 8, and 96% bootstrap, decay index 11, respectively).
The first dichotomy within clade 1 of Figure 2 (subgenus Liolaemus ; Fig. 3 ) separates a well supported monophyletic group (99% bootstrap, decay index 15) from another poorly supported monophyletic group (decay index 2). Within the well supported group, L. coeruleus is the sister taxon to the remaining species, which are grouped with weak support (decay index 1). These remaining species form two well-supported clades, a primarily Andean clade (100% bootstrap, decay index 16) composed of L. alticolor, L. bitaeniatus, L. robertmertensi, L. bibronii, and L. gracilis and the clade comprising both L. pictus populations receive strong support (96% bootstrap, decay index 8, and 98% bootstrap, decay index 9, respectively). Within the weakly supported group from the primary dichotomy in clade 1 (Fig.  3) , a mainly western lowland clade receives weak support (71% bootstrap, decay index 3), and its sister taxon, an Andean/eastern lowland clade, receives strong support (100% bootstrap, decay index 31). The primarily western lowland clade is composed of L. zapallarensis, L. tenuis, L. lemniscatus, L. monticola, L. nitidus, L. fuscus, and L. nigroviridis, with the last four species forming a well-supported clade (97% bootstrap, decay index 9). In addition, strong support is acquired for the sister-taxon relationships of L. monticola and L. nitidus (100% bootstrap, decay index 19), and L. fuscus and L. nigroviridis (95% bootstrap, decay index 11). The Andean/eastern lowland clade is composed of L. capillitas, L. leopardinus, L. buergeri, L. ceii, L. petrophilus, L. austromendocinus, and L. elongatus. Strong support is acquired for a clade containing L. leopardinus, L. buergeri, and L. ceii (100% bootstrap, decay index 16) and the sistertaxon relationship of the latter two species (100% bootstrap, decay index 15). In addition, the sister-taxon relationship of L. austromendocinus and L. elongatus is well supported (100% bootstrap, decay index 18).
Clade 2 (subgenus Eulaemus) in Figure 2 is composed of taxa restricted to the Andes and eastern lowlands (Fig. 4) . A monophyletic group (100% bootstrap, decay index 19) containing southeastern lowland species (L. lineomaculatus, L. somuncurae, and L. magellanicus; recognized here as the L. lineomaculatus section) forms the sister taxon to a moderately supported group containing all remaining species of Eulaemus (recognized here as the L. montanus section; 87% bootstrap, decay index 10). Among these remaining species, a well-supported group (100% bootstrap, decay index 23) composed of Andean species from the Puna Plateau (recognized here as the L. montanus series of the L. montanus section) forms the sister group to a weakly supported clade (70% bootstrap, decay index 6) composed primarily of eastern lowland taxa (recognized here as the L. boulengeri series of the L. montanus section). Among taxa from the Puna Plateau, a clade comprising L. ruibali, L. andinus -La Rioja, and L. famatinae receives strong support (99% bootstrap, decay index 11) and forms the sister taxon to all other species (L. orientalis, L. dorbignyi, L. poecilochromus, L. multicolor, and L. andinus -Jujuy) from the Puna Plateau (63% bootstrap, decay index 2). All relationships within both groups from the Puna Plateau receive strong support (at least 95% bootstrap, decay index 9).
Among species in the primarily eastern clade corresponding to the L. boulengeri series, three clades can be distinguished: (1) the eastern L. cuyanus and L. fitzingerii (99% bootstrap, decay index 14), (2) a primarily eastern sand-dwelling clade (65% bootstrap, decay index 7), and (3) remaining species occurring in both Andean and eastern lowland regions (86% bootstrap, decay index 6). In the eastern sand-dwelling clade, L. pseudoanomalus is the sister taxon to the other species (here called the 'sandlizard clade' of the L. boulengeri series) with good support (97% bootstrap, decay index 9). Two well-supported clades are distinguished within the sand-lizard clade:
(1) L. lutzae and L. occipitalis (100% bootstrap, decay index 17), and (2) monophyly of a group containing L. multimaculatus, L. scapularis, L. salinicola, and L. wiegmannii (97% bootstrap, decay index 13). However, relationships among the latter four species are not well supported.
Within the clade composed of both Andean and eastern lowland species, L. melanops and L. rothi form a monophyletic group (100% bootstrap, decay index 16) whose sister taxon (100% bootstrap, decay index 18) contains all other species (L. abaucan, L. koslowskyi, L. quilmes, L. ornatus, L. albiceps, L. irregularis, L. uspallatensis, L. chacoensis, L. olongasta, L. darwinii, L. boulengeri, and L. laurenti) . Two well-supported subgroups of the latter clade include (1) an Andean clade (100% bootstrap, decay index 15) containing L. ornatus as the sister taxon to a clade comprising L. albiceps and L. irregularis (100% bootstrap, decay index 26), and (2) a clade composed of L. chacoensis, L. olongasta, L. darwinnii, L. boulengeri, and L. laurenti (98% bootstrap, decay index 9) . The last three species form a well-supported clade (96% bootstrap, decay index 9), with the Mendoza population of L. darwinii as the sister taxon to a clade composed of L. darwinii from La Rioja, L. boulengeri, and L. laurenti (100% bootstrap, decay index 23) .
Two populations are sampled for each of three different species. In clade 1 (subgenus Liolaemus), the two populations of L. pictus form a monophyletic group with 3.2% sequence divergence. In contrast, neither of the two species examined in clade 2 (subgenus Eulaemus) constitute monophyletic groups. In the L. montanus section, the two populations of L. andinus examined have 8.4% sequence divergence; L. andinus from La Rioja is the sister taxon to L. famatinae, and L. andinus from Jujuy is the sister taxon to L. multicolor. Liolaemus poecilochromus, formerly attributed to L. andinus, is recognized here as a full species and is the sister taxon to a clade containing L. andinus from Jujuy and L. multicolor. In the L. boulengeri series, L. darwinii from Mendoza is the sister taxon to a clade containing L. darwinii from La Rioja, L. boulengeri, and L. laurenti. The two L. darwinii populations show 4.9% sequence divergence. Taxonomic revision awaits further sampling of these species.
Evaluating Andean vicariance
Our molecular phylogenetic analysis rejects the hypothesis that Liolaemus comprises monophyletic groupings corresponding geographically to the Andes, the eastern lowlands, and the western lowlands (Figs 1 and 5) . When a representative of the overall shortest trees (A in Appendix 3) is compared to a representative of the shortest alternative trees constraining Andean (B in Appendix 3), eastern-lowland (C in Appendix 3), or western-lowland (D in Appendix 3) species to form monophyletic groups, each alternative hypothesis is rejected in favor of the overall most parsimonious tree (Table 3; comparisons 1, 2, and 3, respectively). Therefore, our phylogenetic estimate requires multiple invasions of each of the three geographic regions investigated. 
Evolution of viviparity
We investigate multiple origins of viviparity, the reversibility of parity mode, and the hypothesis of viviparity being associated with cool environments. The strict consensus tree from the phylogenetic analysis depicts multiple origins of viviparity in Liolaemus (Fig. 6A) . When the Wilcoxon signed-ranks test is used to compare a representative overall shortest tree (A in Appendix 3) to a representative alternative tree (E in Appendix 3) depicting a monophyletic grouping of all viviparous taxa, the latter hypothesis is significantly longer and therefore rejected in favor of the overall shortest tree ( d Asterisks indicate a significant difference between the representative overall shortest tree (A) and a representative alternative tree (B-G) using the two-tailed probability for the Wilcoxon signed-ranks test (Felsenstein, 1985b; Templeton, 1983) . A significant result denotes rejection of the stated hypothesis.
Each of the two major clades (subgenera Liolaemus and Eulaemus) of Liolaemus contains oviparous and viviparous forms. The hypothesis that viviparous lineages form a monophyletic group is tested separately within each of these clades. A representative of the shortest alternative trees showing viviparous taxa forming a monophyletic group is compared to a representative of the overall shortest trees for each major clade. The Wilcoxon signed-ranks test rejects each of the alternative hypotheses (F and G in Appendix 3) in favor of the overall shortest tree (Table 3; comparisons 5 and 6, respectively). These results reject monophyly of viviparous lineages within both major clades of Liolaemus.
To evaluate the evolutionary association between viviparity and cool environments, the most parsimonious reconstruction of occurrence at high elevation (above 2500 meters in elevation) and high latitude (exceeding 40 degrees south) is mapped onto the strict consensus of the 60 overall most parsimonious trees using MacClade (Maddison & Maddison, 1992) (Fig. 6B ). All six origins of viviparity inferred under the assumption that viviparity is irreversible occur in cold environments, consistent with the hypothesis that viviparity is adaptive in these environments. Because a large portion of the phylogeny of Liolaemus occurs in cold environments, this association between viviparity and cold climates is not significant using the concentrated changes test (Maddison, 1990) . If reproductive mode is considered reversible, both gains and losses of viviparity occur in cold environments, a result that is equivocal with respect to the hypothesis that viviparity is adaptive in cold environments.
DISCUSSION
Historical biogeography
Phylogenetic relationships among Liolaemus species reject the hypothesis that species occurring in the Andes, in the eastern lowlands, and in the western lowlands comprise distinct geographic clades. The shortest phylogenetic estimate suggests multiple invasions of each of these geographic areas (Fig. 5 ). Liolaemus appears to have originated either in the low-elevation region east of the Andes or in the Andes. Clade 2 (subgenus Eulaemus) in Figures 2 and 4 is composed entirely of species from these two regions, whereas clade 1 (subgenus Liolaemus) in Figures 2 and 3 contains taxa from these regions and the lowlands west of the Andes. Both major clades require multiple origins of Andean species. Furthermore, clade 1 requires at least two independent origins of western lowland species from either the Andes or the low-elevation region east of the Andes, and at least one independent invasion of the eastern lowlands from the Andes. In clade 2, species occurring at latitudes higher than 40 degrees south on the east side of the Andes (L. lineomaculatus section in Table  1 ) form the sister taxon to all other species (L. montanus section) in this clade. Species that occur in the Andes on the Puna Plateau (L. montanus series) form the sister group to the rest of the species (L. boulengeri series) in this clade with the exception of species occurring at high latitudes (L. lineomaculatus section). Most of the remaining species (L. boulengeri series) in clade 2 occur east of the Andes and at least three separate invasions of the Andes have occurred among these species. Across the phylogenetic tree, at least fourteen evolutionary shifts in geographic distribution have occurred among species now occupying the three regions.
The phylogenetic pattern of Liolaemus suggests recurring vicariance with subsequent dispersal between regions, making further vicariant events possible. The Andes have been uplifting continually for the last 25 million years (Norabuena et al., 1998) and Liolaemus populations have had numerous opportunities to become regionally isolated by vicariance. Subsequent dispersal between regions may have occurred either by climatic changes or shifts in life history, such as the development of viviparous reproduction; this dispersal then would permit further vicariance.
Dating phylogenetic divergence and vicariance
Accumulation of DNA substitutions between species can be used to date evolutionary divergences. Recent studies have shown that the segment of mitochondrial DNA used in this study is evolving at a rate of approximately 0.65% change per million years per lineage in other iguanian and gekkonid lizards, bufonid frogs, and Figure 6 . Parsimony reconstructions of viviparous reproduction and occurrence in cold climates (altitudes above 2500 m and/or latitudes exceeding 40 degrees south). The strict consensus tree as shown in Figures 2, 3 , and 4 is presented. A, evolution of viviparity in Liolaemus. The outgroup, Phrynosoma douglassii, is coded as oviparous, a condition observed in most species within the Phrynosomatinae and considered ancestral for that taxon. Light branches represent oviparous lineages; dark branches are viviparous lineages, and hatched branches are lineages equivocal for parity mode. Clades numbered 1, 2, and 6 require independent origins of viviparity and, if viviparity is considered irreversible, clades 3, 4, and 5 each require an additional independent origin of viviparity. Arrows denote branches that potentially have losses of viviparity under the hypothesis that viviparity is reversible. B, parsimony reconstruction of species occurring in cold climates. Light branches represent lineages found below 2500 meters elevation and/or north of 40 degrees south latitude; dark branches denote lineages that have part or all of their distribution above 2500 meters elevation and/or exceeding 40 degrees south latitude, and hatched branches are lineages equivocal for occurrence in cold climates. Arrows and clade designations show evolutionary shifts of parity mode as described in part A. For pairwise comparisons, 1.3% sequence divergence is expected to accumulate over one million years (Macey et al., 1998a) . Note that less than two percent of pairwise comparisons are suggested to be younger than six million years. The average pairwise comparisons between the two major clades specify 12.6 million years divergence (marked by an arrow on the x axis) assuming a linear relationship between nucleotide substitutions and time. This divergence is most likely older than 12.6 million years because mitochondrial DNA is expected to show some degree of saturation beyond 10 million years of divergence (Moritz et al., 1987) .
fishes (Bermingham, McCafferty & Martin, 1997; Macey et al., 1998a Macey et al., , b, 1999 . The mean number of substitutions between all pairwise comparisons of taxa across the two major clades (Fig. 2) is 279, which is equivalent to 16.4% sequence divergence for any pair of lineages. This number corresponds to 8.2% change per lineage and predicts 12.6 million years divergence time between the subgenera using the calibration given above. Moritz, Dowling & Brown (1987) have suggested that mitochondrial DNA begins to saturate at ten million years, and that a linear relationship between nucleotide substitution and time is not expected beyond 10 million years. Therefore, our estimation of 12.6 million years is probably too low and perhaps this initial divergence event in Liolaemus corresponds to an earlier phase of the Andean uplift. The timing of additional divergence events may be inferred from pairwise comparisons. A plot of the number of pairwise comparisons between all Liolaemus sampled reveals that less than two percent of the divergence events post-date the end of the Miocene, approximately 6 million years ago (Harland et al., 1989; Fig. 7) . This result suggests that the majority of divergence events studied here precede the Pliocene and Pleistocene climatic changes, further supporting our suggestion of vicariant divergence events caused by the Andean uplift with subsequent dispersal. Fossil evidence documents occurrence of Liolaemus in the Miocene (Albino, 1998) .
Evolution of parity mode
Phylogenetic analyses reveal multiple origins of viviparous reproduction among Liolaemus species. The transition from oviparity to viviparity occurs unequivocally three times in the parsimony reconstruction of viviparity ( Fig. 6) : two times in clade 1 (subgenus Liolaemus) and once in clade 2 (subgenus Eulaemus). In clade 1, viviparity evolves independently in L. nigroviridis and the ancestor of an unresolved group containing L. bellii, L. cyanogaster, and L. pictus. The latter group is compatible with although not supported by the molecular phylogenetic analysis, and could be resolved to require additional gains of viviparity. In clade 2, viviparity evolves independently in the ancestor of a high-elevation group composed of L. ornatus, L. albiceps, and L. irregularis.
Further interpretation of the evolution of viviparity in this group depends on whether parity mode is considered reversible. If viviparity is irreversible, it has evolved at least six times in Liolaemus and once in the outgroup, Phymaturus. If viviparity is reversible and the ancestral condition for Liolaemus, at least three independent losses of viviparity with three subsequent changes back to viviparity are inferred for Liolaemus, plus an additional loss of viviparity is inferred for Phymaturus. Several recent studies have addressed the issue of the reversibility of parity mode in squamate reptiles (Benabib et al., 1997; Lee & Doughty, 1997; Lee & Shine, 1998) , and agree that no undeniably strong evidence exists for irreversibility of viviparity.
Although all six clades that are viviparous occupy cold environments at elevations above 2500 meters and/or latitudes exceeding 40 degrees south, evolutionary association between cool environments and origin of viviparity is equivocal. The association of six independent origins of viviparity with cold environments would be expected by chance alone in Liolaemus according to a concentrated changes test (Maddison, 1990) , because a majority of the phylogenetic history of Liolaemus species is inferred to have occurred in cold environments. Furthermore, if viviparity is reversible in Liolaemus, any reversals also would be associated with cold environments and would reject the hypothesis that viviparity is an adaptation to cold climates. If further evidence rejects the hypothesis that viviparity is reversible, the results from Liolaemus analyzed in the broader context of squamate phylogeny may lend support to the hypothesis that viviparity arises primarily in cold environments as an adaptation to those conditions.
Phylogenetic relationships and taxonomy
Morphological data (Etheridge & de Queiroz, 1988; Etheridge, 1995; Frost & Etheridge, 1989) suggest that Liolaemus, Phymaturus, and the monotypic genus, Ctenoblepharys, together compose one of three major subgroups of the Tropidurinae * (sensu Macey et al., 1997b) . Schulte et al. (1998) report that the Tropidurinae * appears nonmonophyletic, although monophyly cannot be rejected statistically. The relationship of Phymaturus and Liolaemus as sister taxa receives strong support both in our analysis and the analysis of Schulte et al. (1998) . Phylogenetic analyses including DNA sequence for the monotypic genus Ctenoblepharys suggest that it is outside of the Phymaturus and Liolaemus clade (unpublished data). Therefore, we consider the monophyly of Liolaemus well corroborated.
Several subgenera are recognized within Liolaemus (reviewed in Etheridge, 1995) . Two of these subgenera, Liolaemus and Eulaemus (Laurent, 1992) , are hypothesized to correspond largely to the two major clades recovered in this phylogenetic analysis. In addition, a subgeneric name is available for the 'sand lizard' clade, Ortholaemus (Girard, 1857; Laurent, 1984) . Our phylogenetic analysis finds this group monophyletic and well supported (97% bootstrap, decay index 9). However, recognition of Ortholaemus would render Eulaemus paraphyletic. Another subgenus, Ceiolaemus (Laurent, 1984) , represented in our sampling by L. pseudoanomalus, also is nested within Eulaemus. Hence, our phylogenetic analysis is most compatible with the recognition of only two subgenera, Liolaemus and Eulaemus, corresponding to the two major clades recovered. Etheridge (1995) recognizes numerous species groups within Liolaemus. The L. nitidus group (sensu Etheridge, 1995) is not monophyletic because L. chacoensis, L. lineomaculatus, L. magellanicus, and the species in clade 1 of figure 2 do not form a monophyletic group in our analysis. Clade 1 does correspond to the L. chiliensis group of Etheridge (1995) with the exception of our placing L. chacoensis in clade 2 as proposed by Laurent (1984) . Our clade 2 corresponds to the L. signifer group of Etheridge (1995) with the exception of our inclusion of L. lineomaculatus, L. somuncurae, L. magellanicus, and L. chacoensis. We recover a monophyletic L. montanus group (Etheridge, 1995) except for our inclusion of L. chacoensis and L. pseudoanomalus. In our taxonomic sampling, species within Etheridge's (1995) L. montanus group, excluding the L. boulengeri group, form a monophyletic group composed of L. ruibali, L. andinus -La Rioja, L. famatinae, L. orientalis, L. dorbignyi, L. poecilochromus, L. multicolor, and L. andinus -Jujuy. We find support for Etheridge's (1995) L. boulengeri group except for our inclusion of L. chacoensis and L. pseudoanomalus. Nested within the L. boulengeri group is the L. wiegmannii group. Support is found for monophyly of the L. wiegmannii group, consisting of L. lutzae, L. occipitalis, L. multimaculatus, L. scapularis, L. salinicola, and L. wiegmannii in our sampling.
The subgenus Liolaemus is largely synonymous with the L. chiliensis group of Etheridge (1995) and we recommend recognition of this subgenus. Because the L. nitidus group is not monophyletic, we recommend that this group not be recognized. The subgenus Eulaemus, as defined above, corresponds closely with the L. signifer group of Etheridge (1995) and use of the subgeneric name is recommended. The L. lineomaculatus group of Etheridge (1995) is monotypic, and inclusion of L. somuncurae and L. magellanicus in this group is supported by our analysis; we refer to this clade as the L. lineomaculatus section of the subgenus Eulaemus. The L. montanus and L. wiegmannii groups are found to be monophyletic, and the L. boulengeri group as defined above is monophyletic. We recognize Etheridge's (1995) L. montanus group as a section of the subgenus Eulaemus, and Etheridge's (1995) L. boulengeri group as a series of the L. montanus section. The clade found on the Puna Plateau is recognized as the L. montanus series of the L. montanus section. Because the L. wiegmannii group (sensu Etheridge, 1995) overlaps in content with the L. boulengeri series, we refer to the L. wiegmannii group as the 'sand-lizard clade' of the L. boulengeri series.
A recent study uses behavioral characters associated with burial in sand to reconstruct the phylogeny of the L. boulengeri series (Halloy, Etheridge & Burghardt, 1998) . This phylogenetic study uses outgroup taxa from the L. montanus series, which forms the monophyletic sister taxon to the L. boulengeri series in our phylogenetic analysis. The phylogenetic hypothesis presented in Halloy et al. (1998) suggests that L. ornatus is the sister taxon to all remaining members of the L. boulengeri series, followed by L. darwinii as the sister taxon to all other species except L. ornatus. Each of these species is deeply nested in our phylogenetic analysis with strong support. In addition, these taxa are not closely related, suggesting that the conflicts between phylogenetic reconstruction using the behavioral characters and molecular characters are not simply a difference in the position of the root. None of the branching patterns recovered from behavioral characters are compatible with our phylogenetic analysis. If the molecular phylogeny is correct, numerous parallelisms and reversals of behavioral characteristics associated with sand burial must have occurred in Liolaemus.
